ABSTRACT
INTRODUCTION
Duplicated genes and gene families are common in all sequenced model genomes. The fraction of genes that belong to paralogous groups in Saccharomyces cerevisiae, Caenorhabditis elegans, and Arabidopsis thaliana is 15, 40 and 60%, respectively (Wolfe and Shields, 1997 ; Semple and * To whom correspondence should be addressed.
§ Present address: INRA-AGENA, BP 27, F-31326 Castanet-Tolosan Cedex, France. Wolfe, 1999; Arabidopsis Genome Initiative, 2000) . Duplicated genes share between 24 and 100% identity at the nucleotide level (Wolfe and Shields, 1997; Semple and Wolfe, 1999) . Studies based on the hybridization between spotted DNA probes and labeled nucleic acid samples are hampered by high identity levels between gene family members. For example, cDNA probes from close paralogous genes may yield results that are difficult to interpret because the signal from a member expressed at a low level can be masked by cross-hybridization with a highly expressed transcript corresponding to a member of a multigene family. Furthermore, microarrays based on cDNA clones [mainly identified by expressed sequence tags (ESTs)] only represent a fraction of the genes of a given species and rely on information and clone tracking that are often not flawless (see, for instance, Halgren et al., 2001) . To avoid having to rely on cDNA collections, microarrays can be produced with oligonucleotides (Lockhart et al., 1996; Hughes et al., 2001) or polymerase chain reaction (PCR) products amplified from genomic DNA templates. Such probe arrays are exhaustive when designed based on structural annotation of a whole genome and allow the distinction between similar sequences when chosen in divergent regions of closely related paralogous genes. Programs that take into account gene structure to design PCR primers have been described (Podowski and Sonnhammer, 2001; Varotto et al., 2001) , but none of them intend to select a primer pair on the criterion of amplicon specificity. On the other hand, some computer programs are able to select specific regions within genes (Mitsuhashi et al., 1994; Li and Stormo, 2001) , albeit only for the design of long oligonucleotides. More recently, two recent programs, which take specificity into account during gene sequence tag (GST) selection, have been published [PRIMEGENS (Xu et al., 2002) and PROBEWIZ (Nielsen and Knudsen, 2002) ], but the concept of exon-intron gene structure is missing from both programs. PROBEWIZ aims at designing probes from cDNAs, and PRIMEGENS at searching for probes in open reading frames (ORFs), which typically focuses and restricts its use to the genomes of prokaryotes. The basic novelty of the software is that specific PCR probes for eukaryotic genes can be designed without prior need of the cognate transcripts to be cloned and to be available, by using genome sequences as input and providing GSTs and PCR primers for their amplification as output.
We have developed the Specific Primer and Amplicon Design Software (SPADS) to automatically select PCR amplicons in the least conserved regions within a group of genes. Each unique GST is defined by a pair of primers chosen to maximize the efficacy and the reliability of its PCR amplification. The user enters the reference sequence sets to select divergent regions and design primers that may range from a few paralogous genes to a complete genome. Because SPADS works on the genomic sequence, taking into account the intron-exon gene structure it can process eukaryotic gene models. Here, the SPADS construction is presented and how it performs in designing unique GSTs from the annotated genomes of two model organisms, Arabidopsis and yeast. GSTs have already been used to obtain genome-wide gene-specific probes for expression microarrays and inserts for knock-out experiments as well. Additional capabilities and applications are discussed.
ALGORITHM

Overview of SPADS
SPADS selects gene-specific GSTs automatically based on gene models in which exons and introns are properly located on the sequence. It has been implemented in PERL and integrates the BLAST (Altschul et al., 1997) and Primer3 (Rozen and Skaletsky, 2000) algorithms. The procedure, schematically presented as a flow chart in Figure 1 , can be summarized as four successive steps.
Search for divergent regions
The exons of each gene are sequentially matched with BLASTn against a 'reference database', containing the full genome sequence (in the implementation described here, but, potentially, any other gene set). Segments with homology hits are removed so that primer pairs can be selected in the remaining regions.
Primer design
The Primer3 software selects primer pairs in the divergent regions.
Selection of template-specific primer pairs
Oligonucleotides designed by Primer3 are tested for specificity with BLASTn against a 'template database' that contains the DNA sequence corresponding to the template on which the PCR is to be performed. Primer pairs are discarded when matches indicate the potential risk of unwanted PCR amplification. The 'template database' can preferably be a subset of the genome, such as a bacterial artificial chromosome (BAC) Fig. 1 . SPADS flow chart. Thick and thin arrows represent the successive steps in the process and the inputs from the user or from databases, respectively. At each step, the procedure loops back (dashed arrows) and the next 5 element (exon, primer pair, and amplicon) is processed when a given test (in a diamond) is not successful. The graph shows two parallel GST selection pipelines, the right one less stringent, with the BLAST mismatch parameter set at q = −4 and operative only when the left one, set at q = −1, fails to design a unique GST.
clone, depending on the resources available for the experiment. When the PCR reaction cannot be restricted to a subset of the genomic DNA, the 'template database' used is identical to the 'reference database' described above (default option).
Analysis of GST similarity towards foreign sequences
Amplicons defined by template-specific primer pairs are matched with BLASTn to the 'reference database' to determine their identity (%) with all possible paralogous sequences. An amplicon is discarded when its identity is above a userdefined threshold. At each step, SPADS scans every gene model from 3 to 5 until a validated GST that meets the identity constraint is identified.
Input
To design GSTs, the user must provide (i) the source sequence in FASTA format containing the target genes together with (ii) the corresponding exon position(s) (standard GenBank format). A single input may include multiple genes in the source sequence without any limits in sequence size nor in gene numbers. Thus, all the genes on a very large sequence (for instance, a whole chromosome) can be processed as a single input. The 'reference' and 'template' databases have also to be chosen among those available or have to be provided by the user.
Step 1: search for divergent regions
To find the regions homologous with sequences from other genes, the nucleic acid sequence of an exon extracted from a gene model is compared with the 'reference database' by using BLASTn (Fig. 1) . The mismatch parameter is fixed at q = −1, which is lower than the BLASTn default parameter; this low stringency results in long matching regions (hits). All hits larger than 40 base pairs (bp) or with more than 95% identity are taken into account. The coordinates of the divergent region(s) are deduced by subtraction of these hits, keeping the exonic regions on each side when large enough.
Step 1 is completed for each gene, one exon at the time, starting with the most 3 sequence to privilege the choice of unique GSTs in the 3 end of the transcription unit. Indeed, 3 tags are more likely to hybridize to their cognate transcripts, because most transcript labeling protocols based on polyadenylated mRNA samples include oligo-dT priming. A divergent region is used as input for Step 2, when its size is above the minimal user-determined GST length.
When no validated unique GST can be selected after this first scan across a given gene, the mismatch parameter of BLASTn is decreased to q = −4 to only delineate segments with stringent homology. This second run of BLASTn results in fewer and shorter hits and, by subtraction, identifies novel or larger divergent regions available for primer design.
In certain genes, the exons are too short to encompass a divergent region in which unique GSTs can be designed. In such cases, an option is left to the user to select a GST from the entire gene sequence, including introns, but still positioning both primers in exons. The maximum fraction of intronic sequence within the GST can be chosen to guarantee hybridization to transcribed sequences.
Step 2: primer design
The input of the Primer3 software (Rozen and Skaletsky, 2000) consists of substrings of gene sequences that are delimited by the coordinates of the divergent region (Step 1). Primer3 selects optimal PCR primerpairs and excludes oligonucleotide sequences favoring primer-dimers and hairpins. In SPADS, the Primer3 default values are set for the parameters that calculate maximum self-complementarity, maximum 3 self-complementarity, 3 end duplex stability, and Tm calculation. All 'general primer picking conditions' of Primer3 (such as Tm difference, primer length, G + C % in primer, and product length) can be modified by the user except for the parameters involved in the amplicon position because they are managed by SPADS itself. When no primer pair can be designed in a given divergent region, the next 5 region is processed until an acceptable primer pair is identified.
2.5
Step 3: selection of template-specific primer pairs
This step is intended to remove primers that would potentially yield a contaminant amplicon in addition to the proper GST in PCR amplification. Each primer pair selected in Step 2 is matched by BLASTn (with mismatch penalty q = −1 and E-value cut-off E = 200) to the 'template database', which contains the template sequence used for PCR. Any primer pair with a hit located at a distance below 10 kb on the opposite strand and larger than 60% of the primer length is rejected, except when the hit contains a mismatch in the five 3 bases. As mentioned above, this step can be tuned according to the PCR template source, genomic DNA, or individual (BAC) clones. BAC clones may be preferred to reduce the risk of spurious amplifications and to improve PCR yield.
2.6
Step 4: analysis of GST similarity towards foreign sequences
An amplicon defined by a primer pair in Step 3 is a candidate gene-specific GST. As last validation, each candidate GST is compared to the 'reference database' sequences with BLASTn to determine how similar it is to the closest gene with which it could potentially cross-hybridize. Identity is computed by summing up the matching bases in every local alignment of the amplicon with its closest paralogue. Because all matching bases have to be scored, the BLASTn sensitivity must be high. Therefore, to identify alignments in otherwise poorly conserved regions, mismatch penalty is low (q = −1) to enlarge local alignments, word size is short (W = 7) and E-value cut off is very high (E = 500). When the identity level is above the user-defined threshold, the amplicon is discarded and the next 5 divergent region is processed.
As an alternative to the use of genomic sequences from the 'reference database', the GST identity check in Step 4 can be compared with all annotated transcripts for that given species, which significantly reduces computing time. Another open possibility is to match candidate GSTs only to all paralogous genes in related families, speeding up the process considerably by comparing only sequences for which the search of specific probes is most problematic. Yet, we favour genome-based analyses because they do not depend on gene prediction and annotation that are often erroneous or incomplete (Aubourg and Rouzé, 2001; Mathé et al., 2002) . Figure 2 shows the standard format of the SPADS output file. It provides the sequence of the GST and of the corresponding PCR primer pair selected in a particular gene model, as well as additional information about them. Fig. 2 . SPADS output. The GST features are: (a) GST identification number; (b) exon(s) covered by the GST (in the example, the GST overlaps with exons 2, 3, and 4 out of a total of four exons in the gene model); (c) gene strand (+ or −); (d) GST type, with 'E' and 'I' for GST entirely in one exon or containing at least one intron, respectively; (e) GST specificity class, referring to the level of identity with the closest paralogous sequence (1, for 0-40%; 2, for 40-70%; and 3, for more than 70%); (f) actual % identity between the GST and the closest paralogue; (g) relative position in the transcript (5 , central, or 3 ; for details, see Table 1 ); (h) G + C %; (i) GST length in nucleotides; (j) percentage of intronic sequence in the GST; (k) sequence of the GST. Lines 2, 3, and 4 describe the features of the 5 and 3 primers: sequence, coordinates in the input sequence, length, Tm based on nearest-neighbor calculation (Breslauer et al., 1986) , and G + C %.
Output
METHODS
System
The main body of SPADS is written in Perl (v5.004_04) for Sun4 Solaris. It integrates NCBI-BLAST (v2.2.1 or 2.2.2) and Primer3 (v0.9). Evaluation was computed on a Sun SPARC station running the Solaris operating system. SPADS may be operated with the command line of a UNIX system or a web interface built for limited requests.
SPADS parameters
The programmed parameters are either fixed or user defined. Default values are chosen to ensure successful amplification of sequence tags that yield gene-specific nucleic acid molecular hybridization. The threshold of maximum similarity of a unique GST with any other sequences has been set at 70% identity as default, which is an acceptable limit to avoid crosshybridization (Girke et al., 2000; Miller et al., 2002) . For more details, see Section 2.
SPADS evaluation
3.3.1 Parameters All GSTs were designed with the option that allow them to contain intron(s) up to 50% of the total sequence. The parameters for primers were: length, 18-25 bp, G + C %, 40-80%, and Tm, 50-65 • C, with a maximum Tm difference of 4 • C between paired primers. For SPADS evaluation, no identity threshold was applied, whereas for experimental validation, a threshold of 70% identity was used for all unique GSTs to similar sequences.
Computing time
The selection of GSTs for the 1830 yeast genes within the test set, including the genome-wide search of template-specific primers, required 13 h (CPU time) on a Sun Enterprise 5500 with 6 GB of RAM and one 450 MHz SPARC CPU.
Sequences
Gene sets.
For Arabidopsis, we used a set of 1814 genes for which the intron-exon structures had been experimentally defined by cognate full-length cDNA (http://genoplante-info.infobiogen.fr/Databases/PlantGene/).
The yeast set of 1830 genes, extracted from the genome annotation files available at the Saccharomyces Genome Database (SGD; ftp://genome-ftp.stanford.edu/pub/yeast/ data_download/chromosomal_feature/archive) is defined by the gene coordinates on chromosomes I, II, III, IV, and V. The annotation files were downloaded on November 14, 2001. 
BLAST reference databases
RESULTS
Evaluation of SPADS
Gene sets
Two random sets of genes were automatically processed with SPADS in series of gene-specific GST design tests: the 1814 experimentally characterized Arabidopsis genes and the 1830 genes predicted on chromosomes I, II, III, IV and V of yeast. The gene sets were large enough to provide relevant information at the genome level, but small enough for reiterative parameter evaluation. In all tests, both the reference and template databases contained the complete nuclear genome sequence of the organism under study. The comparative assessment of the SPADS results for the two eukaryotic genomes shows that the software is applicable to a wide range of organisms. Fig. 3 . Effect of GST size on the number and specificity of GSTs obtained for the Arabidopsis and yeast genomes. The design of GSTs was performed on two gene sets from Arabidopsis and yeast, with two parameters defining GST size range (Primer3 input parameters). Each GST was classified according to its specificity class, referring to the level of identity with the closest paralogous sequence [see Fig. 2(e) ]. The remaining genes are those for which no GST was found.
GST size and specificity
Smaller probes are more likely to be gene specific, but are expected to yield less stable hybridization. Therefore, we studied the effect of size on unique GST design. Figure 3 illustrates the SPADS success rate in finding a unique GST for each gene in the two test sets according to different GST size ranges. Each GST was ranked in one of the three classes according to the percentage of identity with its closest paralogous sequence: below 40% (class I), from 40 to 70% (class II), and over 70% (class III). GSTs in class III may potentially hybridize with paralogous sequences. An additional class gathered genes for which no GST could be found. Two GST size ranges were tested: 100-250 and 300-500 bp.
SPADS successfully designed a GST in most genes from both genomes (Fig. 3) . The yeast gene set yielded a comparable class distribution for GSTs ranging from 300 to 500 bp, although the number of genes for which no GST was found increased up to 6.6% compared to 1.4% for the smaller size range. In contrast, the distribution of 300-500 bp GSTs extracted from the Arabidopsis gene set was markedly altered as the proportion of class III GSTs increased to 26.1% versus 7.5% for the smaller size range. Finally, in all tests, class II was larger in Arabidopsis than in yeast. The differences between the two organisms result from the fact that in Arabidopsis more genes belong to paralogous groups and genes are more fragmented by introns.
Relative position of unique GSTs
In protocols based on oligo-dT/polyA annealing, the 3 part of transcripts is preferentially labeled. Therefore, SPADS scans each gene from the 3 to the 5 end until it designs a GST fulfilling all selection criteria. To assess the results of this procedure, the distribution of unique GST positions for the GST size range 150-300 bp was computed in two manners. First, the distance between the end of each gene and its GST was measured and 85.4 and 96.4% fall in the last kb for the Arabidopsis and yeast test sets, respectively. Second, unique GSTs were ranked in three classes depending on their location in the first (5 ), middle For each gene, the virtual transcript is deduced from genome annotation and divided in three equal parts (5 , center, and 3 ). The relative position of the GST in either of these parts is then computed with the the GST size range of 150-300 bp.
(centre), or last (3 ) third of the corresponding transcript. The distribution of both the Arabidopsis and yeast test sets indicates that at least two-thirds of the GSTs were located in the 3 part of the transcript (Table 1) .
Experimental validation of unique GST design
The quality of primer pair design was confirmed experimentally. GSTs were designed with SPADS on a set of 29 787 annotated genes in the Arabidopsis genome. GSTs in the 150-500 bp range, with a specificity threshold of 70% identity, and BAC-specific primer pairs had been found for 21 120 of the predicted genes. The PCR amplification was performed with purified BAC clone DNA as template or with genomic DNA, when PCR with BAC clone had failed. Based on DNA agarose gel size analysis of all PCR products, 20 338 (96.5%) unique GSTs were successfully amplified. As a further control, 1039 randomly chosen amplicons were sequenced and all had the expected sequence. Out of the 21 120 primer pairs, only 26 (0.12%) led to unspecific multiple bands or an unexpected size of the PCR product (Crowe et al., 2003) . To evaluate the primer specificity towards the full genome, a random subset of 380 primer pairs was used for PCR amplification with full genomic DNA as template. In total, 339 (89.2%) yielded a single PCR product of the expected size, whereas 31 (8.1%) yielded multiple PCR products and 10 (2.6%) no amplification (B.Chalhoub, personal communication).
DISCUSSION
To study the expression of every single gene in an organism, gene-specific probes are required. SPADS allows such probes to be obtained by designing primers to amplify unique GSTs with genomic DNA as template, the main selection criterion being the amplicon specificity. With SPADS, this specificity is tested at several levels. First, a candidate GST is searched for inside a window of genome-wide gene specificity, the BLASTn-divergent region. The primer pairs themselves are tested for specificity towards the PCR template to further reduce the risk of amplifying unwanted PCR products.
This important step also allows SPADS to design specific primer pairs for quantitative reverse transcription (RT)-PCR experiments. Finally a cross-hybridization boundary is set, by checking the specificity towards the whole genome of the GST proper. To reach these separate goals, SPADS allows the user to build two sets of sequences, each in a proper database, the 'reference' set that defines and controls the GST hybridization specificity and the 'template' set that is needed to produce these GSTs through PCR amplification in the most specific way, depending on practical template availability.
In the genomes of Arabidopsis (Arabidopsis Genome Initiative, 2000) and yeast (Llorente et al., 1999) , in which many multigenic families with a large number of members are found, SPADS succeeded in finding a GST with genomewide specificity (i.e. a probe with a similarity with the closest paralog in the genome lower than 70%) in 92% of the test sets for both organisms, when the minimal length for the GST is set at 100 bp. As expected, increasing the amplicon size decreases the success rate. Nevertheless, for the Arabidopsis genome, SPADS ends up with a unique GST for 65% of the genes when the minimal GST length is set at 300 bp. This result is significantly higher for the yeast genome with 85% for probes of at least 300 bp. SPADS fails to design a unique GST for 7.9-34.6% of the genes (of classes I and II in Fig. 3) , depending on the GST length range and the organism. Such a failure can be expected when genes in a given family or subfamily are too highly conserved for SPADS to find a divergent region and design a gene-specific GST, such as the ribosomal protein-encoding genes. The approach is also expected to fail when genes are split into small exons, especially with the largest GSTs.
The SPADS process ends up with most unique GSTs falling into the 3 extremity of the genes, followed by the 5 , and finally the central part of the genes (Table 1) . This result is foreseen because the central region is usually the more conserved among homologous genes. On the contrary, the terminal regions contain the more divergent sequences and the privileged search of gene-specific GSTs in the 3 extremity appears to be very efficient.
The suitability of SPADS for designing unique GSTs has been demonstrated for the Arabidopsis genome. Of the 1394 primer pairs tested, 96% produced the expected unique amplicon. The occurrence of multiple or incorrectly sized bands was below 1%. Kurth et al. (2002) have obtained quite similar results with a set of 1898 GSTs designed with GST-PRIME, but without constraint on amplicon specificity (Varotto et al., 2001) . SPADS can be useful for other experiments involving the selection of specific primers or probes, such as the design of specific probes for only a few target genes, namely a gene family or genes suspected to be involved in a common physiological function. To study a gene family, the reference database used in Step 1 can be reduced to the set of sequences of the relevant paralogous genes, either genomic DNA or cDNAs and ESTs. Because the whole genomic sequence is not always required, the reduction of the reference database to the similar sequences saves computing time. SPADS can also be exploited for its capacity to design specific primer pairs to perform specific PCR reactions from genomic DNA or from mRNA samples (in the case of RT-PCR, for instance). For such purposes, a 'phase' option is offered to constrain SPADS to take into consideration the coding frame. With this option, the 3 -most nucleotide of the primers corresponds to the first base of a codon. Because the first base is always more conserved in evolution than the two others, PCR reactions can be designed using DNA from a neighbor species as template (B.Chalhoub, personal communication) .
SPADS aims at producing gene-specific amplicons, not only to build genome-wide microarrays, but also for smaller gene sets and smaller scale experiments, a frequent task for many biologists for which not easy tool is available. The fact that SPADS is concerned by specificity all along the process of probe design can also be exploited to select unique and long oligonucleotides (such as 50-80 bp) for DNA arrays. In this case, risks of hairpin conformation should be tested with single-stranded DNA secondary structure prediction tools, such as Mfold (Zucker et al., 1999) .
The power of the systems biology approach in genomics, aiming at understanding not only the function of individual genes but also their interactions, requires reliable expression data to be collected for as many genes as possible, ideally all of them. To achieve this goal we developed SPADS. This tool has been used for the generation of a large GST collection (Crowe et al., 2003) and is currently used for the European Complete Arabidopsis Transcriptome Micro-Array consortium (CATMA; http://www.catma.org) that aims at designing and producing unique GSTs covering most Arabidopsis genes for the comprehensive analysis of their expression, as anticipated in the CAGE project (http://www.psb.ugent.be/CAGE/). These gene-specific GSTs are also used for a project of systematic RNAi knockout in Arabidopsis (http://www.agrikola.org/).
